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Vertebrate brains display physiological and anatomical left-right differences, which are 
related to hemispheric dominances for specific functions. Functional lateralizations likely 
rely on structural left-right differences in intra- and interhemispheric connectivity patterns 
that develop in tight gene-environment interactions. The visual systems of chickens and 
pigeons show that asymmetrical light stimulation during ontogeny induces a dominance 
of the left hemisphere for visuomotor control that is paralleled by projection asymmetries 
within the ascending visual pathways. But structural asymmetries vary essentially between 
both species concerning the affected pathway (thalamo- vs. tectofugal system), constancy 
of effects (transient vs. permanent), and the hemisphere receiving stronger bilateral input 
(right vs. left). These discrepancies suggest that at least two aspects of visual processes are 
influenced by asymmetric light stimulation: (1 ) visuomotor dominance develops within the 
ontogenetically stronger stimulated hemisphere but not necessarily in the one receiving 
stronger bottom-up input. As a secondary consequence of asymmetrical light expehence, 
lateralized top-down mechanisms play a critical role in the emergence of hemispheric 
dominance. (2) Ontogenetic light experiences may affect the dominant use of left- and 
right-hemispheric strategies. Evidences from social and spatial cognition tasks indicate 
that chickens rely more on a right-hemispheric global strategy whereas pigeons display a 
dominance of the left hemisphere. Thus, behavioral asymmetries are linked to a stronger 
bilateral input to the right hemisphere in chickens but to the left one in pigeons. The 
degree of bilateral visual input may determine the dominant visual processing strategy 
when redundant encoding is possible. This analysis supports that environmental stimulation 
affects the balance between hemispheric-specific processing by lateralized interactions of 
bottom-up and top-down systems. 

Keywords: cerebral lateralization, visual system, hemispheric strategy, local-global analysis, social recognition, 
spatial orientation, avian 



GENERAL CEREBRAL ASYMMETRIES IN VERTEBRATES 

In contrast to original views, cerebral lateralization is a widespread 
phenomenon in the animal kingdom. Functional and structural 
differences between left and right brain sides are in no way exclu- 
sive for humans but can be found in other vertebrates and even 
in invertebrates (Vallortigara et al, 1999; Halpern et al., 2005; Val- 
lortigara and Rogers, 2005; CorbaUis, 2009; Concha etal., 2012; 
Ocklenburg and Gunturkun, 2012). A widespread functional lat- 
eralization is for example the preferential limb use for specific 
tasks. In mammals, obviously humans show strong hand pref- 
erences (CorbaUis, 2009) but also chimpanzees (Hopkins etal., 
2011), mice (Collins, 1975), bats (Zucca etal, 2010) and walla- 
bies (Giljov etal, 2012) show significant side preferences when 
using their limbs. Furthermore, species of the avian and amphib- 
ian class Mke parrots (Brown and Magat, 2011), chickens (Rogers 
and Workman, 1993), and toads (Bisazza et al., 1996) show domi- 
nance for using one limb on a given task. Strength of lateralization 
and preferred side differ between species and are in some cases 
dependent on environmental factors (for an overview, see Strock- 
ens et al, 2013a). Beside limb preference, conspecific vocalization 
(e.g., language in humans) seems to be broadly lateralized in 



vertebrates. Most humans show a dominance of the left hemi- 
sphere for the production and perception of language (Floel 
etal., 2005; Bethmann etal., 2007). Hemispheric dominance for 
processing conspecific vocalization can also be found in chim- 
panzees (Taglialatela etal., 2008), sea lions (Boye etal., 2005), 
dogs (Siniscalchi etal., 2008), or Zebra, and Bengalese finches 
(Okanoya etal., 2001; Poirier etal., 2009). Interestingly, mam- 
malian species show in all known cases dominance of the left 
hemisphere for conspecific vocalization while avian species vary 
in the predominantly used side (for review, see Ocklenburg et al., 
2013a). In different species like humans, sheep, or chicken, the 
right hemisphere is dominant for aspects of social cognition (Bran- 
cucci etal., 2009; CorbaUis, 2009; Daisley etal, 2009; Rosa Salva 
etal., 2012) as well as spatial processing (Tommasi and VaUorti- 
gara, 2001; Vogel etal, 2003; Diekamp etal, 2005; Chiandetti, 
2011). 

Such hemispheric specializations might be related to dif- 
ferences in hemispheric processing style. Several authors 
have tried to classif}^ general lateralization patterns and to 
associate them with hemispheric-specific processing strate- 
gies. According to these models, the left hemisphere prefers 
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a serial, or categorical processing style relying on local or 
high-frequency aspects of stimuli, while the right hemisphere 
favors parallel or configural processing, encoding global or low- 
frequency information (e.g., Dien, 2008). For instance, the 
left-hemispheric dominance for language processing may fol- 
low from a left-hemispheric advantage in encoding rapid fre- 
quency transitions (Tervaniemi and Hugdahl, 2003). There is 
evidence that a general dichotomy in encoding information 
is shared by different vertebrate species and hence, has an 
evolutionary origin (Vallortigara and Rogers, 2005; Yamazaki 
etal, 2007; Corballis, 2009; McGilchrist, 2010; Concha etal., 
2012). 

THE PUZZLE OF NATURE-NURTURE INTERACTIONS IN 
GENERATING A LATERALIZED BRAIN 

Nevertheless, it is completely unclear how opposed encoding 
strategies are generated during ontogeny. Similarities between 
different species and the presence of an asymmetry pattern at 
the population level suggest a determination by genotypic fac- 
tors. On the other hand, a high degree of plasticity indicates that 
envirotypic factors have a strong impact onto the mature lateral- 
ization pattern. Biased environmental stimulation, for example, 
affects hemispheric dominances and how the hemispheres inter- 
act to establish and maintain a lateralized functional organization 
for optimal cognition (Manns, 2006; Concha etal, 2012; Bishop, 
2013; Herve etal, 2013). Further envirotypic factors like hor- 
mones or cultural influences can also play a role in the formation 
of brain asymmetries (Laland, 2008; Schaafsma etal., 2009; Lust 
et al. , 20 1 1 ) . Moreover, geno- and envirotypic effects may converge 
onto epigenetic processes, like DNA methylation, that ultimately 
determine lateralization patterns (Poole and Robert, 2006; Herve 
etal, 2013). 

Functional asymmetries presumably rely on structural left- 
right differences in intra- and interhemispheric connectivity 
patterns (Ocklenburg and Giintiirkiin, 2012; Herve etal., 2013; 
Ocklenburg et al., 2013b) that develop in a tight interplay between 
geno- and envirotypic factors. Principle differences in the mode 
of hemispheric-specific processing should be based on vari- 
ances in the neuronal organization of the left and right brain 
sides. For example, differences in the neuronal organization of 
Brodmann area 22 predispose the left hemisphere for speech 
processing (Galuske etal., 2000). In the human brain, there are 
gross morphological asymmetries like a leftward asymmetry in 
planum temporale (for review, see Amunts, 2010) that appear 
very early during development (Chi et al., 1977). In right-handers, 
the planum temporale asymmetry is directly related to the left- 
hemispheric dominance for language processing. Accordingly, 
they may represent a suitable indicator of cerebral asymme- 
tries. In sinistrals, however, this asymmetry is less pronounced 
(Geschwind etal, 2002; Foundas etal, 2002; Greve etal, 2013; 
Meyer etal., 2013). Moreover, pre- and postnatal events can 
affect asymmetry during development of the planum tempo- 
rale and disrupt twin concordance (Steinmetz etal, 1995; Eckert 
et al, 2002). Dissociation between gross morphological and func- 
tional asymmetries suggests that they do not reflect left-right 
differences in the fine structure of neuronal circuits. Recent 
studies therefore underline the relevance of microstructural 



differences in human cortical hemispheres that range from den- 
dritic tree features and neuronal cell size up to differences in 
white matter organization (Stephan et al, 2007; Ocklenburg et al., 
2013b). 

The microstructural organization of local networks, as well as 
their afferent and efferent connections, develops in close inter- 
actions with envirotypic factors. For more than 50 years, it is 
known that sensory experience is a critical factor for the activity- 
dependent fine tuning of neuronal systems (Hubel and Wiesel, 
1959; Wong and Ghosh, 2002; West and Greenberg, 201 1). There- 
fore, biased sensory experience can induce subtle differences 
between the neuronal organization of the left and right brain 
side, which in turn determine the mature functional lateralization 
pattern. A neuronal network that is better adjusted to specific pro- 
cessing may enable one hemisphere (a) to adopt dominance for a 
specific function, (b) to analyze stimuli according to a preferential 
processing strategy, or (c) to exert dominance in case of conflicts 
between the hemispheres. It is still under debate, which effects 
are critical for the establishment of a lateralized functional brain 
organization (e.g., Bloom and Hynd, 2005; Herve etal., 2013). 

A differentiation between these possibilities requires animal 
models, which allow modulations of the lateralization pattern 
by manipulating the action of specific envirotypic factors. The 
visual system of birds, like chickens or pigeons, is a well suited 
model for such kind of experiments. In both species, behavioral 
asymmetries can be associated with morphological left-right dif- 
ferences of the visual pathways at the individual as well as the 
population level. Critical aspects of these asymmetries depend 
on unbalanced light stimulation during development (e.g., Val- 
lortigara and Rogers, 2005; Manns, 2006; Rogers etal., 2007; 
Guntiirkiin and Manns, 2010). This supports that lateraliza- 
tion is generated within the scope of ontogenetic plasticity and 
suggests causal relations between structural and functional asym- 
metries. Although at first glance quite similar, the two avian 
models display profound differences in the functional and struc- 
tural outcome that is based on the asymmetrical visual experience. 
These differences shed light on the interrelations between struc- 
tural and functional asymmetries that we want to discuss in the 
following sections. To this end, we start with a short descrip- 
tion of avian visual lateralizations and their development fol- 
lowed by a deeper analysis of differences between chickens and 
pigeons. 

THE LATERALIZED ORGANIZATION OF THE AVIAN VISUAL 
SYSTEM - A MODEL TO RESOLVE THE PUZZLE 

The visual system of birds is lateralized with a pattern that is simi- 
lar to humans. The left hemisphere dominates the discrimination 
of small optic details, rule learning, or categorization of visual 
stimuli. The right hemisphere on the contrary, is in charge of spa- 
tial attention and aspects of social cognition (Daisley etal., 2009; 
Manns and Gtinturkiin, 2009). These hemispheric specializations 
can be easily tested just by temporarily occluding one eye with an 
eye cap, i.e., by monocular testing, since the optic nerves cross 
virtually completely in birds. Accordingly, information from the 
left eye is primarily directed to the right brain side and vice versa. 

Behavioral asymmetries are accompanied by anatomical left- 
right differences within the ascending visual pathways. In both. 
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pigeons and chickens, structural asymmetries are mainly repre- 
sented by a difference in projection strength between the two 
hemispheres. This projection asymmetry corroborates the idea 
that differences in anatomical connectivity constitute the critical 
structural substrate of functional asymmetries between the hemi- 
spheres (Stephan et al., 2007). But in each species, different visual 
systems are affected (Figure 1). In pigeons, the tectofugal path- 
way (corresponding to the extrageniculate pathway in mammals) 
is lateralized, with soma size asymmetries of mesencephalic and 
diencephalic neurons indicating left-right differences in the com- 
plexity of their neuronal connections (Gtintiirkiin, 1997; Manns 
and Gunturkiln, 1999a, 2003; Freund et al., 2008). Moreover, pro- 
jections of the right optic tectum to the contralateral nucleus 
rotundus are stronger than the projections of the left tectum to 
the right rotundus. Since the number of ipsilaterally ascending 
fibers does not differ between sides, the asymmetry of the con- 
tralateral projections effectively increases the total tectal input 
on the left rotundus (Gtintiirkiin etal., 1998). Thus, it is the 
left hemisphere that receives a more complete representation of 
information from both visual hemifields (Valencia- Alfonso etal., 
2009). The second major visual pathway aside from the tectofugal, 
the thalamofugal pathway (corresponding to the geniculo-cortical 
pathway in mammals), is not lateralized in pigeons, neither 
in young nor adult birds (Strockens etal., 2013b). In chickens, 
however, the thalamofugal pathway but not the tectofugal one 
shows an asymmetry in its projection pattern whereas cell size 
asymmetries are not known. In the chickens' thalamofugal path- 
way, the left nucleus geniculatus lateralis pars dorsalis (GLd) 
comprises more projections to right telencephalic visual Wulst 



than the right GLd to the left visual Wulst. As the ipsilateral 
GLd- Wulst projections are symmetric between sides, the con- 
tralateral projection asymmetry leads to a higher total GLd input 
on the right visual Wulst (Rogers and Bolden, 1991; Rogers and 
Deng, 1999). In contrast to the stable tectofugal asymmetries in 
pigeons (Giintiirktin et al., 1998), the lateralization of the chicken's 
thalamofugal system only persists for three weeks after hatch 
(Rogers and Sink, 1988). 

LIGHT-DEPENDENT DEVELOPMENT OF VISUAL ASYMMETRIES 

The envirotypic factor light plays an important role for the induc- 
tion and stabilization of a subset of visual asymmetries in pigeons 
and chickens. Avian embryos take an asymmetrical position inside 
the egg, with the right eye pointing towards the semitransparent 
eggshell. The left eye, however, is occluded by the embryos body 
(Kuo, 1932). This positioning leads to a stronger light stimulation 
of the right in comparison to the left eye, which triggers later- 
alization processes on the anatomical as well as the functional 
level. In pigeons, this causes an asymmetry in the projections of 
the tectofugal pathway (Gtintiirkiin etal., 1998) while in chickens 
projections of the thalamofugal pathway are affected (Rogers and 
Bolden, 1991; Rogers and Deng, 1999; Koshiba etal, 2003). Dark 
incubation of eggs prevents establishment of several asymmetries 
(Rogers and Sink, 1988; Skiba et al., 2002; Manns and Giinttirkiin, 
2003; Freund etal, 2008) and impairs interhemispheric cooper- 
ation (Manns and Romling, 2012). Furthermore, in the altricial 
pigeon, monocular light deprivation during a short plastic period 
after hatch can strengthen or even alter the direction of visual 
asymmetries (Manns and Gtintiirkiin, 1999a,b). 




left eye 



right eye 



FIGURE 1 {Visual processing in tlie tectofugal patPiway of pigeons 
(left side) and the thalamofugal pathway of juvenile chickens (right 
side) is asymmetricallY organized. In pigeons the projection from the 
right tectum opticum (TO) to the left nucleus rotundus (RT) are stronger 
than projection from the right TO to the left RT. in chickens the 
contralateral projections from left nucleus geniculatus lateralis pars 




left eye 



right eye 



dorsalis (GId) to the right visual Wulst are stronger than projections 
from the right GId to the left visual Wulst. These projection 
asymmetries lead to higher bilateral input to the left hemisphere in 
pigeons and to the right hemisphere in pigeons (indicated by darker 
coloring). These anatomical asymmetries lead to a lateralized behavior in 
each species (E, entopallium). 
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In sum, pigeons and chickens develop behavioral as well as 
anatomical asymmetries depending on the ontogenetic light con- 
ditions. But the characteristics of the structural lateralizations 
differ in at least three major aspects between the two species: (1) 
the affected pathway (tectofugal in pigeons versus thalamofugal 
in chickens), (2) the constancy of the lateralization (persistent in 
pigeons versus transient in chickens), and (3) the hemisphere, 
which receives stronger bilateral input (left in pigeons versus 
right in chickens). These differences allow speculating about the 
causal relations between light-dependent structural and behav- 
ioral asymmetries. A closer look at the functional asymmetry 
pattern of chickens and pigeons suggests that the action of light 
is more complex as indicated at first glance. Asymmetrical photic 
stimulation modifies the lateralized interaction of bottom-up and 
top-down systems that ultimately determine lateralized functional 
processing. 

INTERRELATIONS BETWEEN LIGHT-DEPENDENT STRUCTURE AND 
FUNCTION 

Enhancement of fine-tuned visuomotor circuits witliin tfie left 
liemispltere 

Especially left-hemispheric specializations of chickens and pigeons 
are remarkably similar. Although the behavioral paradigms testing 
hemispheric asymmetries differ in detail, experiments demon- 
strate left-hemispheric advantages for visuomotor control that 
are similar to human left frontal dominances for response inhi- 
bition (e.g., Weisbrod etal., 2000; Warren etal., 2013), action 
planning (Serrien and Sovijarvi-Spape, 2013), and categoriza- 
tion (e.g.. Parrot etal., 1999). The left hemisphere is in charge 
of the selection of features allowing stimuli to be assigned to dis- 
crete categories when discriminating food objects (Mench and 
Andrew, 1986; Giintiirktin and Kesch, 1987; Vallortigara etal., 
1996; Rogers, 1997; Rogers etal., 2007) or abstract concepts like 
humans or painting styles (reviewed in Yamazaki etal., 2007). In 
pigeons, the superior visual discrimination abilities are related 
to better left-hemispheric memory capacities when pigeons are 
required to memorize large numbers of abstract pattern (von 
Fersen and Giintiirktin, 1990) or when they have to perform 
an object-specific working memory task (Prior and Giintiirktin, 
2001). Even though the left hemisphere of the chicken brain is 
not better in using object specific cues in a working memory task 
(Regolin etal, 2005), it is critically involved in specific forms of 
quick memory formation like passive avoidance learning (Sandi 
et al, 1993). In chickens and pigeons, the left hemisphere controls 
pecking, enabling faster and more accurate responses (Giintiirktin, 
1985; Giintiirktin and Kesch, 1987; Skiba etal, 2002) or inhibit- 
ing inappropriate responses (Deng and Rogers, 1997; Rogers et al., 
2007). 

At least some of the described left-hemispheric dominances 
emerge in response to asymmetrical photic stimulation during 
ontogeny. It is well known that sensory experiences have a sig- 
nificant influence over the way the brain is assembled and thus, 
can functionally impact the way the mature brain works (West 
and Greenberg, 2011). Transiently enhanced visual input triggers 
activity-dependent differentiation processes (Manns etal., 2005, 
2008; Manns and Giintiirkun, 2009; Guntiirkiin and Manns, 2010) 
resulting in better fine-tuned visuomotor circuits as demonstrated 



in numerous plasticity studies (for review e.g., Wong and Ghosh, 
2002; Berardi etal., 2003; Espinosa and Stryker, 2012). As a con- 
sequence, the left hemisphere of birds is better adjusted to adopt 
specific visuomotor functions and hence, takes over control. Pre- 
and posthatch modulations of lateralized visual experience sup- 
port that the hemisphere that is more strongly activated by light 
develops a functional dominance (Rogers and Sink, 1988; Manns 
and Gunturkiin, 1999a; Prior etal., 2004a). 

Since the emergence of behavioral asymmetries are accom- 
panied by structural left-right differences within the ascending 
visual pathways (Deng and Rogers, 2000; Manns and Giin- 
tiirktin, 2009) it is conceivable that they are causally related. A 
causal relationship would support models proposing that con- 
nectivity asymmetries between the hemispheres are critical for 
cerebral lateralizations since they impact differences in compu- 
tational principles used by the left and right brain side, which 
determine their functional properties (Stephan etal., 2007). It 
is obvious that light input primarily affects the development 
of ascending visual pathways (Manns and Giintiirktin, 2009; 
Giintiirktin and Manns, 2010). Asymmetrical activity-dependent 
neuronal processes mediate lateralized differentiation of visual 
neurons leading to asymmetrical neuronal properties that rep- 
resent the structural correlate of functional lateralizations. In 
parallel, the ascending systems develop intrinsic functional asym- 
metries mediating lateralized bottom-up processing (Manns and 
Giintiirkun, 2009; Gtinttirktin and Manns, 2010). Electrophys- 
iological studies in pigeons have demonstrated more left- than 
right-rotundal neurons, which respond to contra- as well as 
ipsUateral visual input (Folta etal., 2004). This is in accor- 
dance to the stronger bilateral tectal innervation. Left entopallial 
neurons are more responsive to visual stimulation and after 
associative learning they show a higher degree of differentiation 
between the rewarded and the unrewarded stimulus (Verhaal et al., 
2012). 

Despite the presence of structural as well as physiological 
asymmetries in the ascending pathways, the left-hemispheric 
dominance for visuomotor control cannot simply be based on 
stronger bottom-up input. A first hint is given by the fact that the 
visual pathways that show anatomical asymmetries differ between 
pigeons and chickens (Figure 1 ) . Although left-hemispheric devel- 
opment is enhanced in the pigeons' tectofugal as well as the 
chickens' thalamofugal system, stronger bilateral input is guided 
to the left hemisphere in pigeons but to the right one in chickens. 
Moreover, only the tectofugal projection asymmetries in pigeons 
are stable (Giintiirktin et al., 1998; Rogers and Deng, 1999) whereas 
thalamofugal asymmetries in chickens are transient (Deng and 
Rogers, 2002). Nevertheless, some left hemispheric dominances in 
hens remain even when projection asymmetries are lost (McKenzie 
etal, 1998). 

This discrepancy can be explained by the critical role of 
top-down systems onto lateralized visuomotor behavior. Top- 
down influences arise from the forebrain and exert asymmetrical 
impact onto visual processing by efferents descending towards 
the brainstem. Here, they converge onto commissural systems, 
which regulate lateralization of visuomotor responses in pigeons 
(Giintiirktin and Bohringer, 1987) and chickens (Parsons and 
Rogers, 1993) and which might be involved in the efficiency of 
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interhemispheric cooperation (Manns and Romling, 2012; Letzner 
etal., 2014). One source of top-down influences is the hyper- 
pallium or visual Wulst that represents on the one hand the 
telencephalic target of the thalamofugal pathway (Figure 1) but 
on the other hand a multimodal area reciprocally connected with 
several telencephalic nuclei (Reiner and Karten, 1983; Shimizu 
etal, 1995; Deng and Rogers, 2000, cited in Manns etal, 2007). 
Accordingly, the Wulst is not only a visual structure, but is 
also involved in higher cognitive functions, playing a role in 
learning and attentional processes (reviewed in Manns and Giin- 
ttirktin, 2009). Several studies in pigeons as well as chickens 
show that the left Wulst exerts a stronger impact onto visuomo- 
tor behavior than the right one (Manns and Giinturkiin, 2009; 
Valencia-Alfonso etal., 2009). In pigeons, transient silencing of 
hyperpallial activity by injections of the sodium channel blocker 
tetrodotoxin demonstrates that the left Wulst controls tectofu- 
gal processing (Folta etal, 2004), modulates access to transfer 
information (Valencia-Alfonso etal., 2009), and controls motor 
response in case of conflicting information (Freund etal., 2009.). 
In chickens, disturbance of neurotransmission by manipulating 
amino acid pools with telencephaUc injections of cycloheximide 
or glutamate demonstrates that the left hemisphere exerts better 
inhibitory control on visuomotor behavior than the right one. 
Only injections into the left but not the right Wulst increase 
inappropriate pecks onto pebbles in the pebble-grain discrimi- 
nation task and elevate aggressive and sexual behavior (Rogers 
and Anson, 1979; Howard etal, 1980; Bullock and Rogers, 1986; 
Deng and Rogers, 1997, 2002). 

It is intriguing that at least some aspects of hyperpallial top- 
down influences depend on asymmetrical visual experience during 
embryonic development. Hyperpallial control of categorizing 
grains as different from pebbles in chickens only emerges in light- 
stimulated chickens. In dark-incubated birds, treatment of neither 
the left nor the right Wulst affected performance on the pebble- 
grain task (Deng and Rogers, 2002). In pigeons, an endogenously 
present right-hemispheric superiority in accessing visual trans- 
fer information is reversed by embryonic light stimulation and 
it is likely that this effect results from modulations of top-down 
systems (Letzner etal., 2014). 

Although the Wulst represents the telencephalic target of the 
thalamofugal projection, it is unlikely that the lateralized action 
of the Wulst depends on structural thalamofugal asymmetries. In 
pigeons, no thalamofugal projection asymmetries are present at 
all (Strockens etal., 2013b). Even in chicks there is dissociation 
between the development of thalamofugal and behavioral asym- 
metries. The left-hemispheric dominance in categorizing grains 
from pebbles depends on the wavelength of the stimulating light 
and hence, depends on color-coding pathways outside the thalam- 
ofugal system. In contrast, thalamofugal projection asymmetries 
develop independent from wavelength characteristics of the photic 
stimulus (Rogers and Krebs, 1996). 

In sum, we speculate that the emergence of a left-hemispheric 
dominance in visuomotor control is caused by a transient ontoge- 
netic light trigger independent from the generation of projection 
asymmetries within ascending visual pathways. A decisive fac- 
tor is rather the development of lateralized top-down systems. 
This does not mean that asymmetrical bottom-up projections 



do not influence lateralized functional processing. In the next 
paragraph, we will discuss in how far the degree of bilateral 
ascending input may affect preferential processing strategies and 
hence, hemispheric dominance in cases of redundant or conflict 
encoding. 

Hemispheric-specific processing strategies in analyzing visual 
stimuli 

In principle, environmental stimuli can be analyzed according to 
different strategies. One is based on a detailed feature analysis 
attending to local cues. The other one uses global information 
considering relational cues between stimulus aspects. In principle, 
both hemispheres can process local as well as global informa- 
tion depending on context and/or -inner states. Nevertheless, 
several studies in chickens and pigeons demonstrate that the 
hemispheres differ in their preferential strategies whereby the left 
hemisphere prefers local, the right one global encoding (Vallor- 
tigara and Rogers, 2005; Yamazaki etal., 2007). A conflict can 
arise when local and global cues provide contradictory infor- 
mation and hence, suggest different response options. In these 
situations, neuronal mechanisms are required to coordinate a 
common decision. In many cases, one hemisphere dominates 
processing and/or behavioral response (Levy and Trevarthen, 
1976). Some evidences suggest that pigeons and chickens dif- 
fer in the dominance pattern for specific functions. Chickens 
seem to rely more on a right-hemispheric strategy depending 
on global cues whereas it is the left hemispheres in pigeons that 
dominates visual processing thereby preferentially encoding local 
cues (Vallortigara and Rogers, 2005; Daisley etal., 2009; Shimizu 
etal, 2010; Rosa Salva etal, 2012; Tommasi etal, 2012). A 
closer look however, indicates that there is some dissociation 
between hemispheric dominance and processing strategy. This 
suggests that it is not only an evolutionary based dichotomy in 
processing style that determines a preferential strategy in analyz- 
ing complex visual stimuli. Instead, the lateralized organization 
of the visual systems may also play a prominent role (Tom- 
masi etal., 2012). We propose that the degree of bilateral input 
affects the dominant hemisphere and encoding strategy, which are 
affected by the ontogenetic light conditions in a species-dependent 
manner. 

A first hint comes from social recognition, a cognitive function 
that is generally assumed to be dominated by right-hemispheric 
processing (Corballis, 2009; Daisley etal., 2009; Rosa Salva etal., 
2012). For example, chicks recognize individual companions 
and choose to approach cage mates in preference to unfamiliar 
ones only when using their left eye (Deng and Rogers, 2002). 
This right-hemispheric dominance is related to the preferen- 
tial right-hemispheric attention to global feature cues that are 
used to select mates, identify rivals, locate young, and differ- 
entiate members of higher and lower ranks (Rosa Salva etal., 
2012). In contrast, pigeons attend to local facial features rather 
than their configuration when they are required to discrimi- 
nate between intact faces of conspecifics and globally altered 
ones in which local features are spatially rearranged (Patton 
etal., 2010; Shimizu etal., 2010). This strategy fits to a general 
preference to analyze local elements of visual stimuli and to a 
general left-hemispheric dominance for categorization (Cavoto 
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and Cook, 2001; Yamazaki etal, 2007; Shimizu etal., 2010). It 
is not directly tested yet if the preferential encoding of object 
details is actually related to a left-hemispheric dominance. Ver- 
ification would indicate a converse dominance pattern for aspects 
of social recognition in chickens and pigeons that is in corre- 
spondence to the hemisphere that receives stronger bilateral visual 
input. 

A second hint is provided by detailed analysis of spatial ori- 
entation tasks that indicates dissociation between hemispheric 
specializations and strategy. Comparable to social recognition, 
spatial orientation is generally described as a right-hemispheric 
domain. Accordingly, chickens as well as pigeons place more 
pecks on objects located within the left visual field indicating a 
functional dominance of the right hemisphere for visuo-spatial 
attention comparable to humans (Diekamp etal., 2005; Chian- 
detti, 201 1). But for spatial functions like localization of the own 
position in space, for orientation, and navigation, more com- 
plex spatial processing is required using local, non-geometric 
as well as global, geometric information about the environ- 
ment. Several experiments demonstrate that both hemispheres 
are basically able to encode geometric as well as non-geometric 
information in natural and semi-natural settings. Nevertheless, 
orientation behavior under different seeing conditions suggest 
hemispheric-specific differences in using geometric (global) or 
non-geometric (local) strategies (Vallortigara and Rogers, 2005; 
Tommasi etal., 2012). Again, there are evidences for a differ- 
ential lateralization pattern between chickens and pigeons that 
mainly arise when spatial cues provide conflicting informa- 
tion. 

In a classical study, Tommasi and Vallortigara (2001) trained 
chicks to locate food buried under sawdust in the center of a 
square arena providing geometric and/or non-geometric land- 
mark cues. In a conflict situation when landmarks and geometry 
of the arena point to different localization of food, chicks see- 
ing with the right eye rely on the landmark cues, whereas they 
consider the geometric information when seeing with the left eye. 
Thus, chickens demonstrate a clear difference between left- and 
right-hemispheric search strategies. Moreover, performance under 
binocular seeing conditions does not differ from the one when 
seeing with the left eye. This indicates that the right-hemispheric 
geometric strategy dominates visuospatial orientation (Tommasi 
and Vallortigara, 2001). Unilateral hippocampal lesions confirmed 
this pattern (Tommasi et al, 2003). A completely different pattern 
was detected in pigeons that were trained in a very similar task 
(Wilzeck et al., 2009). Although monocular tests confirm that each 
brain hemisphere consider geometric as well as landmark infor- 
mation, both hemispheres encode landmark information more 
heavily than geometric one in conflict situations. Only when using 
both eyes, pigeons rely preferentially on geometric cues. Thus, in 
contrast to chickens, pigeons do not demonstrate an asymmetry 
in monocular search strategy; they rather display a preferen- 
tial use of a local encoding strategy that is not bound to one 
hemisphere. 

A similar species difference in hemispheric-specific contribu- 
tions to search strategies could be detected in spatial working 
memory tasks combining object- and position-specific informa- 
tion. Chicks show a right-hemispheric dominance for locating 



a target on the basis of position-dependent cues but participa- 
tion of both hemispheres is required for locating a target on the 
basis of object-specific cues. When object and positional cues 
provide contradictory information, the right hemisphere preferen- 
tially attends to position-specific, geometric cues, whereas the left 
hemisphere tends to attend to object-specific features. When see- 
ing with both eyes, chickens attend to geometric cues supporting 
the dominance of the right-hemispheric strategy (Regolin etal., 
2005). A similar working memory task with pigeons shows that 
the left hemisphere is dominant in processing object-specific/local 
information while both hemispheres encode global geometric 
information to an equal degree (Prior and Giinturkiin, 2001). 
Thus, in contrast to chicken, the left hemisphere of pigeons is 
not only specialized for local visual analysis but also attends to 
global features. This is supported by hippocampal lesion studies 
demonstrating that the left hippocampus is critically involved in 
the representation of a goal when geometric encoding is required 
(Nardi and Bingman, 2007). Accordingly, the left hemisphere 
plays generally a more important role in natural homing behavior 
(Ulrich et al, 1999; Prior et al, 2004b). 

In sum, spatial reference and working memory tasks demon- 
strate a clearly lateralized use of spatial information in chickens: 
the left hemisphere encodes local non-geometric information 
and the right one relies on global, geometric cues. This pattern 
supports an evolutionary conserved dichotomy. Moreover, prefer- 
ential encoding of geometric information under binocular seeing 
conditions demonstrates the dominance of the right-hemispheric 
global strategy. In pigeons, however, there is evidence for a dom- 
inance of the left hemisphere in spatial orientation tasks whereby 
it does not only use local but also global cues. An explanation for 
this differential pattern might be related to the differential orga- 
nization of the ascending visual pathways. The right-hemispheric 
dominance in chickens is in accordance with the stronger bilateral 
input and hence, right-hemispheric activation even under binoc- 
ular seeing conditions. In contrast, the stronger innervation of 
the left hemisphere in pigeons leads to enhanced left-hemispheric 
activation. Accordingly, even when seeing with the left eye, the left 
hemisphere is strongly activated and dominates visual analysis as 
indicated by the preferential encoding of local feature cues. On 
the other hand, since the left hemisphere is also able to encode 
global information, suitable tasks demonstrate a left-hemispheric 
dominance independent from available visual cues. Dominance 
may result from a more complete representation and/or sim- 
ply enhanced hemispheric activation due to a stronger bilateral 
input. The contribution of different visual pathways indicate 
some species-dependent differences; but since the degree of bilat- 
eral input to the hemispheres is controlled by the ontogenetic 
light conditions, the differential hemispheric-specific encod- 
ing pattern further supports the critical role of environmental 
factors. 

CONCLUSION: SIMILAR BUT DIFFERENT - HOW ONE 
ENVIROTYPIC FACTOR AFFECTS THE INTERACTION OF 
BOnOM-UP AND TOP-DOWN SYSTEMS 

A close comparison of the two most intensively studied avian 
models - chickens and pigeons- sheds light onto three aspects of 
cerebral lateralization: (1) it exemplifies the critical impact of an 
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envirotypic factor for the generation of a lateralized neuronal sys- 
tem whose action is superimposed on endogenous asymmetries. 
(2) It indicates dissociation between structural and functional 
asymmetries that are (3) related to an intimate interaction of 
bottom-up and top-down systems in a species-dependent man- 
ner - an interaction that is much more complex than originally 
assumed (e.g., Gilbert and Li, 2013). 

In chickens as well as pigeons, asymmetrical visual light 
experience during embryonic development leads to structural 
and functional lateralizations of their visual systems. A left- 
hemispheric dominance in visuomotor control is induced by 
shortly enhanced photic stimulation and is accompanied by the 
emergence of projection asymmetries in the ascending pathways. 
Which visual pathway develops structural asymmetries seems to 
depend on species-dependent differences in the ontogenetic sus- 
ceptibility to light stimulation (Strockens etal., 2013b); however, 
they are not a prerequisite for the generation of hemispheric 
dominance. 

Ultimate consequences of biased visual experience may be 
established at forebrain level from where lateralized top-down sys- 
tems control visual processing. Top-down asymmetries develop as 
secondary consequences of asymmetrical visual stimulation, pre- 
sumably during posthatch stabilization of induced asymmetries 
involving negative feedback loops, which preserve asymmetries 
even in the absence of lateralized input (Manns, 2006; Manns 
and Guntiirkiin, 2009). Thereby they may differentiate own 
microstructural asymmetries but, known as up to now, no 
asymmetries in efferent projections (Manns etal, 2007). Once 
established, higher lateralized (top-down) systems are not nec- 
essarily longer dependent on asymmetrical bottom-up input. 
They can exert their action on visual processing presumably by 
mesencephalic commissural systems onto which ascending and 
descending visual pathways converge (Manns and Gunttirkiin, 
2009; Gunttirkiin and Manns, 2010). In turn, these commissural 
systems regulate lateralization of visuomotor control in pigeons 
(Gtintiirktin and Bohringer, 1987) and chickens (Parsons and 
Rogers, 1993) and might be involved in the efficiency of interhemi- 
spheric cooperation (Manns and Romling, 2012; Letzner etal., 
2014). 

This critical impact of lateralized top-down processes in no way 
means, that stable bottom-up asymmetries do not affect hemi- 
spheric dominances. On the one hand, asymmetrical projections 
may result in asymmetrical salience of stimuli represented within 
the left and right hemisphere eventually triggering different pro- 
cessing strategies. On the other hand, asymmetrical innervation 
may cause enhanced activation of the hemisphere that receives 
stronger bottom-up input. As a consequence, this hemisphere is 
quicker in response generation or may recruit more attentional 
resources and hence, dominates visuomotor processing as a result 
of a "horse race" between the hemispheres (e.g., Corballis, 1998). 
This idea is supported by hints for left-hemispheric metacontrol 
in pigeons (Adam and Guntiirkiin, 2009; Freund etal., 2009). 
The absence of similar metacontrol in chickens would suggest 
that permanent asymmetrical bottom-up systems are critical for 
hemispheric dominances. 

The critical role of lateralized bottom-up systems as indi- 
cated by the degree of bUateral ascending projections may also 



tackle another basic aspect of hemispheric-specific processing. 
It is intriguing that although left-hemispheric development is 
enhanced in the pigeons' tectofugal as well as the chicken's tha- 
lamofugal system, stronger bilateral input is guided to the left 
hemisphere in pigeons but to the right one in chickens. This may 
lead to a differential degree of activation and may influence the 
balance of left- and right-hemispheric processing. Although both 
hemispheres can encode local as well as global feature cues, the 
hemispheres differ in their preferential encoding strategies. This 
lateralization seems to have some phylogenetic foundation (Val- 
lortigara and Rogers, 2005; McGilchrist, 2010; Concha et al., 2012) 
but might be affected by ontogenetic experiences. Comparing the 
lateralization patterns of pigeons and chickens, we propose that 
the degree of bilateral visual input influences the use of encod- 
ing strategies, which therefore depends on asymmetrical photic 
stimulation. This hypothesis still has to be tested in animals with 
different ontogenetic light experiences. These studies will provide 
important clues for a deeper understanding of the experience- 
dependent interplay between bottom-up and top-down process- 
ing that are superimposed by species-dependent endogenous 
asymmetries. 

REFERENCES 

Adam, R., and Giinturkun, O. (2009). When one hemisphere takes control: 
metacontrol in pigeons [Columha livia). PLoS ONE 4:e5307. doi: 10.1371/jour- 
nal.pone.0005307 

Amunts, K. (2010). "Structural indices of asymmetry," in The Two Halves of the 

Brain, eds K. Hugdahl and R. Westerhausen (London: The MIT Press), 145-176. 

doi: 10.7551/mitpress/9780262014137.003.0111 
Berardi, N., Pizzorusso, T, Ratto, G. M., and Maffei, L. (2003). Molecular basis of 

plasticity in the visual cortex. Trends Neurosci. 26, 369-378. doi: 10.1016/S0166- 

2236(03)00168-1 

Bethmann, A., Tempelmann, C, De Bleser, R., Scheich, H., and Brechmann, A. 

(2007). Determining language laterality by fMRI and dichotic listening. Brain 

Res. 1133, 145-157. doi: 10.1016/j.brainres.2006. 11.057 
Bisazza, A., Cantalupo, C, Robins, A., Rogers, L. J., and Vallortigara, G. (1996). 

Right-pawedness in toads. Nature 379, 408. doi: 10.1038/379408aO 
Bishop, D. V. (2013). Cerebral asymmetry and language development: cause, 

correlate, or consequence? Science 340, 1230531. doi: 10.1126/science.l230531 
Bloom, J. S., and Hynd, G. W. (2005). The role of the corpus callosum in interhemi- 

spheric transfer of information: excitation or inhibition? Neuropsychol. Rev. 15, 

59-71. doi: 10.1007/sll065-005-6252-y 
Boye, M., Guntiirkiin, O., and Vauclair, J. (2005). Right ear advantage for conspe- 

cific calls in adultsand subadults, but not infants, CaHfornia sea lions {Zalophus 

californianus): hemispheric specialisation for communication? Eur. J. Neurosci. 

21, 1727-1732. doi: 10.1111/j.l460-9568.2005.04005.x 
Brancucci, A., Lucci, G., Mazzatenta, A., and Tommasi, L. (2009). Asymmetries of 

the human social brain in the visual, auditory and chemical modalities. Philos. 

Trans. R. Soc. Lond. B Biol. Sci. 364, 895-914. doi: 10.1098/rstb.2008.0279 
Brown, C., and Magat, M. (2011). The evolution of lateralised foot use in parrots: a 

phylogenetic approach. Behav. Ecol. 22, 1201-1208. doi: 10.1093/beheco/arrll4 
Bullock, S. P., and Rogers, L. J. (1986). Glutamate-induced asymmetry in the sexual 

and aggressive behavior of young chickens. Pharmacol. Biochem. Behav. 24, 549- 

554. doi: 10.1016/0091-3057(86)90556-3 
Cavoto, K. K., and Cook, R. G. (2001). Cognitive precedence for local information in 

hierarchical stimulus processing by pigeons. /. Exp. Psychol. Anim. Behav. Process. 

27, 3-16. doi: 10.1037/0097-7403.27.1.3 
Chi, J. G., Dooling, E. C., and Gilles, F. H. (1977). Left-right asymmetries of 

the temporal speech areas of the human fetus. Arch. Neurol. 34, 346-348. doi: 

lO.lOOl/archneur.1977.00500180040008 
Chiandetti, C. (2011). Pseudoneglect and embryonic light stimulation in the avian 

brain. Behav Neurosci. 125, 775-782. doi: 10.1037/a0024721 
Collins, R. L. (1975). When left-handed mice live in right-handed worlds. Science 

187, 181-184. doi: 10.1126/science.llll097 



w w w.f ro n t i e rs i n . o rg 



March 2014 | Volume 5 | Article 206 | 7 



Manns and Strockens 



Comparison of visual lateralization in birds 



Concha, M. L., Bianco, I. H., and Wilson, S. W. (2012). Encoding asymmetry within 
neural circuits. Nat. Rev. Neurosci. 13, 832-843. doi: 10.1038/nrn3371 

Corballis, M. C. (1998). Interhemispheric neural summation in the absence of the 
corpus callosum. Brain 121, 1795-1807. doi: 10.1093/brain/121.9.1795 

Corballis, M. C. (2009). The evolution and genetics of cerebral asymmetry. Philos. 
Trans. R. Soc. Land. B Biol. Sci. 364, 867-879. doi: 10.1098/rstb.2008.0232 

Daisley, J. N., Mascalzoni, E., Rosa-Salva, O., Rugani, R., and Regolin, L. 
(2009). Lateralization of social cognition in the domestic chicken {Gallus gal- 
lus). Philos. Trans. R. Soc. Lond. B Biol. Set. 364, 965-981. doi: 10.1098/rstb. 
2008.0229 

Deng, C, and Rogers, L. J. (1997). Differential contributions of the two visual 

pathways to functional lateralization in chicks. Behav. Brain Res. 87, 173—182. 

doi: 10.1016/50166-4328(97)02276-6 
Deng, C, and Rogers, L. J. (2000). Organization of intratelencephalic projections 

to the visual Wulst of the chick. Brain Res. 856, 152-162. doi: 10.1016/S0006- 

8993(99)02403-8 

Deng, C, and Rogers, L. J. (2002). "Factors affecting the development of later- 
alization in chicks," in Comparative Vertebrate Lateralization, eds L. J. Rogers 
and R. Andrew (Cambridge; Cambridge University Press), 206-246. doi: 
10.1017/CBO978051 1546372.008 

Dien, J. (2008). Looking both ways through time: the Janus model of lateralized 
cognition. Brain Cogn. 67, 292-323. doi: 10.1016/j.bandc.2008.02.007 

Diekamp, B., Regolin, L., Guntlirkiin, O., and Vallortigara, G. (2005). 
A left-sided visuospatial bias in birds. Curr. Biol. 15, R372-R373. doi: 
10.1016/j.cub.2005.05.017 

Eckert, M. A., Leonard, C. M., Molloy, E. A., Blumenthal, J., Zijdenbos, A., and 
Giedd, J. N. (2002). The epigenesis of planum temporale asymmetry in twins. 
Cereb. Cortex 12, 749-755. doi: 10.1093/cercor/12.7.749 

Espinosa, J. S., and Stryker, M. P. (2012). Development and plasticity of the primary 
visual cortex. Neuron 75, 230-249. doi: 10.1016/j.neuron.2012.06.009 

Fidel, A., Buyx, A., Breitenstein, C., Lohmann, H., and Knecht, S. (2005). 
Hemispheric lateralization of spatial attention in right- and left-hemispheric 
language dominance. Behav Brain Res. 158, 269-275. doi: 10.1016/j.bbr.2004. 
09.016 

Folta, K., Diekamp, B., and Guntlirkiin, O. (2004). Asymmetrical modes of 
visual bottom-up and top-down integration in the thalamic nucleus rotun- 
dus of pigeons. /. Neurosci. 24, 9475-9485. doi: 10.1523/JNEUROSCI.3289- 
04.2004 

Foundas, A. L., Leonard, C. M., and Hanna-Pladdy, B. (2002). Variability in the 
anatomy of the planum temporale and posterior ascending ramus: do right- 
and left banders differ? Brain Lang. 83, 403^24. doi: 10.1016/S0093-934X(02) 
00509-6 

Freund, N., Brodmann, K., Manns, M., and Giintiirkun, O. (2009). Pigeons being 

spoilt for choice: a study on hemispheric dominance. Refereed Abstract/Poster at 

8th Meeting of the German Neuroscience Society Gbttingen, Germany. 
Freund, N., Guntiirkun, O., and Manns, M. (2008). A morphological study of 

the nucleus subpretectalis of the pigeon. Brain Res. Bull. 75, 491-493. doi: 

10.1 0 16/j.brainresbull.2007. 1 0.03 1 
Galuske, R. A., Schlote, W., Bratzke, H., and Singer, W. (2000). Interhemispheric 

asymmetries of the modular structure in human temporal cortex. Science 289, 

1946-1949. doi: 10.1126/science.289.5486.1946 
Geschwind, D. H., Miller, B. L., DeCarli, C, and Carmelli, D. (2002). Heri- 

tability of lobar brain volumes in twins supports genetic models of cerebral 

laterality and handedness. Proc. Natl. Acad. Sci. U.S.A. 99, 3176-3181. doi: 

10.1073/pnas.052494999 
Gilbert, C. D., and Li, W. (2013). Top-down influences on visual processing. Nat. 

Rev Neurosci. 14, 350-363. doi: 10.1038/nrn3476 
GUjov, A., Karenina, K., and Malashichev, Y. B. (2012). Limb preferences in a 

marsupial, Macropus rufogriseus: evidence for postural effect. Anim. Behav. 83, 

525-534. doi: 10.1016/j.anbehav.2011. 11.031 
Greve, D. N., Van der Haegen, L., Cai, Q., Stufflebeam, S., Sabuncu, M. R., 

Fischl, B., etal. (2013). A surface-based analysis of language lateralization 

and cortical asymmetry. /. Cogn. Neurosci. 25, 1477-1492. doi: 10.1162/jocn_ 

a_00405 

Guntiirkun, O. (1985). Lateralization of visually controlled behavior in pigeons. 

Physiol. Behav. 34, 575-577. doi: 10.1016/0031-9384(85)90051-4 
Guntiirkun, O. (1997). Morphological asymmetries of the tectum opticum in the 

pigeon. Exp. Brain Res. 1 16, 561-566. doi: 10.1007/PL00005785 



Gtlnturkiln, O., and Bohringer, P. G. (1987). LateraUzation reversal after intertectal 
commissurotomy in the pigeon. Brain Res. 408, 1-5. doi: 10.1016/0006- 

8993(87)90351-9 

Guntiirkun, O., Hellmann, B., Melsbach, G., and Prior, H. (1998). Asymmetries of 

representation in the visual system of pigeons. Neuroreport 9, 4127-4130. doi: 

10.1097/00001756-199812210-00023 
Guntlirkiin, O., and Kesch, S. ( 1987). Visual lateralization during feeding in pigeons. 

Behav. Neurosci. 101, 433-435. doi: 10.1037/0735-7044.101.3.433 
Guntlirkiin, O., and Manns, M. (2010). "The embryonic development of visual 

asymmetry in the pigeon," in The Two Halves of the Brain, eds K. Hugdahl and R. 

Westerhausen (London: The MIT Press), 121-142. 
Halpern, M. E., Giinturkiin, O., Hopkins, W. D., and Rogers, L. J. (2005). Lateral- 
ization of the vertebrate brain: taking the side of model systems. /. Neurosci. 25, 

10351-10357. doi: 10.1523/JNEUROSCI.3439-05.2005 
Herve, P. Y., Zago, L., Petit, L., Mazoyer, B., and Tzourio Mazoyer, N. (2013). 

Revisiting human hemispheric specialization with neuroimaging. Trends Cogn. 

Sci. 17, 69-80. doi: 10.1016/j.tics.2012.12.004 
Hopkins, W. D., PhilUps, K. A., Bania, A., Calcutt, S. E., Gardner, M., Russell, J., 

etal. (2011). Hand preferences for coordinated bimanual actions in 777 great 

apes: implications for the evolution of handedness in hominins. /. Hum. Evol. 60, 

605-611. doi: 10.1016/j.jhevol2010.12.008 
Howard, K. J., Rogers, L. J., and Boura, A. L. (1980). Functional laterahzation of 

the chicken forebrain revealed by use of intracranial glutamate. Brain Res. 188, 

369-382. doi: 10.1016/0006-8993(80)90038-4 
Hubel, D. H., and Wiesel, T. N. (1959). Receptive fields of single neurones in the 

cat's striate cortex. /. Physiol. 148, 574-591. 
Koshiba, M., Nakamura, S., Deng, C., and Rogers, L. J. (2003). Light-dependent 

development of asymmetry in the ipsilateral and contralateral thalamofugal 

visual projections of the chick. Neurosci. Lett. 336, 81-84. doi: 10.1016/S0304- 

3940(02)01 162-X 

Kuo, Z. Y. (1932). Ontogeny of embryonic behavior in Aves. III. The structural and 
environmental factors in embryonic behavior. /. Comp. Psychol. 13, 245-271. doi: 
10.1037/h0072050 

Laland, K. N. (2008). Exploring gene-culture interactions: insights from handed- 
ness, sexual selection and niche construction case studies. Philos. Trans. R. Soc. 
Lond. B Biol. Sci. 363, 3577-3589. doi: 10.1098/rstb.2008.0132 

Letzner, S., Patzke, N., Verhaal, J., and Manns, M. (2014). Shaping a lateralized 
brain: asymmetrical light experience moditlates access to visual interhemispheric 
information in pigeons. Sci. Rep. 4, 4253. doi: 10.1038/srep04253 

Levy, )., and Trevarthen, C. (1976). Metacontrol of hemispheric function in human 
split-brain patients. /. Exp. Psychol. Hum. Percept. Perform. 2, 299-312. doi: 
10.1037/0096-1523.2.3.299 

Lust, J. M., Geuze, R. H., Van de Beek, C., Cohen-Kettenis, P. T, Bouma, A., 
and Groothuis, T. G. (2011). Differential effects of prenatal testosterone on 
lateralization of handedness and language. Neuropsychology 25, 581-589. doi: 
10.1037/a0023293 

Manns, M. (2006). "The epigenetic control of asymmetry formation - lessons from 
the avian visual system," in Behavioral and Morphological Asymmetries in Ver- 
tebrates, eds Y. Malashichev and W. Deckel (Georgetown: Landes Bioscience), 
LV23. 

Manns, M., Freund, N., Leske, O., and Giintiirkun, O. (2008). Breaking the balance: 
ocular BDNF-injections induce visual asymmetry in pigeons. Dev. Neurobiol. 68, 
1123-1134. doi: 10.1002/dneu.20647 

Manns, M., Freund, N., Patzke, N., and Guntiirkun, O. (2007). Organiza- 
tion of telencephalotectal projections in pigeons: impact for lateralized top- 
down control. Neuroscience 144, 645-653. doi: 10.1016/j.neuroscience.2006. 
09.043 

Maims, M., and Giintiirkiin, O. (1999a). "Natural" and artificial monocular depri- 
vation effects on thalamic soma sizes in pigeons. Neuroreport 10, 3223-3228. doi: 
10.1097/00001756-199910190-00018 

Manns, M., and Giintiirkiin, O. (1999b). Monocular deprivation alters the direc- 
tion of functional and morphological asymmetries in the pigeon's (Columba 
livia) visual system. Behav Neurosci. 113, 1257-1266. doi: 10.1037/0735- 
7044.113.6.1257 

Manns, M., and Giintiirkiin, O. (2003). Light experience induces differential 
asymmetry pattern of GABA- and parvalbumin-positive cells in the pigeon's 
visual midbrain. /. Chem. Neuroanat. 25, 249-259. doi: 10.1016/50891-0618(03) 
00035-8 



Frontiers in Psychology | Cognition 



March 2014 | Volume 5 | Article 206 | 8 



Manns and Strockens 



Comparison of visual lateralization in birds 



Manns, M., and Guntiirkun, O. (2009). Dual coding of visual asymmetries in the 

pigeon brain - the interaction of bottom-up and top-down systems. Exp. Brain 

Res. 199, 323-332. doi: 10.1007/s00221-009-1702-z 
Manns, M., Giintiirkun, O., Heumann, R., and Blochl, A. (2005). Photic 

inhibition of TrkB/Ras activity in the pigeon's tectum during development: 

impact on brain asymmetry formation. Eur. J. Neurosci. 22, 2180-2186. doi: 

10.111 l/j.l460-9568.2005.04410.x 
Manns, M., and Romling, J. (2012). The impact of asymmetrical light input 

on cerebral hemispheric specialization and interhemispheric cooperation. Nat. 

Commun. 3, 696. doi: 10.1038/ncommsl699 
McGilchrist, 1. (2010). Reciprocal organization of the cerebral hemispheres. 

Dialogues Clin. Neurosci. 12, 503-515. 
McKenzie, R., Andrew, R. J., and Jones, R. B. (1998). Lateralization in chicks 

and hens: new evidence for control of response by the right eye system. 

Neuropsychologia 36, 51-58. doi: 10.1016/50028-3932(97)00108-5 
Mench, J. A., and Andrew, R. J. (1986). Lateralization of a food search task 

in the domestic chick. Behav. Neural Biol. 46, 107-114. doi: 10.1016/S0163- 

1047(86)90570-4 

Meyer, M., Liem, F., Hirsiger, S., Jancke, L., and Hanggi, J. (2013). Cor- 
tical surface area and cortical thickness demonstrate differential structural 
asymmetry in auditory-related areas of the human cortex. Cereb. Cortex doi: 
10.1093/cercor/bht094 [Epub ahead of print]. 

Nardi, D., and Bingman, V. R (2007). Asymmetrical participation of the left and 
right hippocampus for representing environmental geometry in homing pigeons. 
Behav. Brain Res. 178, 160-171. doi: 10.1016/j.bbr.2006.12.010 

Ocklenburg, S., and Guntlirkiin, O. (2012). Hemispheric asymmetries: the 
comparative view. Front. Psychol. 3:5. doi: 10. 3389/fpsyg. 2012. 00005 

Ocklenburg, S., Strockens, R, and Giinturkiin, O. (2013a). Lateralisation of 
conspecific vocalisation in non-human vertebrates. Laterality 18, 1—31. doi: 
10.1080/1357650X.201 1.626561 

Ocklenburg, S., Hugdahl, K., and Westerhausen R. (20 1 3b) . Structural white matter 
asymmetries in relation to functional asymmetries during speech perception and 
production. Neuroimage 83, 1088-1097. doi: 10.1016/j.neuroimage.2013.07.076 

Okanoya, K., Ikebuchi, M., Uno, H., and Watanabe, S. (2001). Left-side dominance 
for song discrimination in Bengalese finches (Lonchura striata var. domestica). 
Anim. Cogn. 4, 241-245. doi: 10.1007/sl0071-001-0120-9 

Parrot, M., Doyon, B., Demonet, J. R, and Cardebat, D. (1999). Hemispheric pre- 
ponderance in categorical and coordinate visual processes. Neuropsychologia 37, 
1215-1225. doi: 10.1016/50028-3932(99)00030-5 

Parsons, C. H., and Rogers, L. J. (1993). Role of the tectal and posterior commis- 
sures in lateralization of the avian brain. Behav. Brain Res. 54, 153-164. doi: 
10.1016/0166-4328(93)90074-2 

Patton, T. B., Szafranski, G., and Shimizu, T. (2010). Male pigeons react differen- 
tially to altered facial features of female pigeons. Behaviour 147, 757—773. doi: 
10.1163/000579510X491090 

Poirier, C., Boumans, T., Verhoye, M., Balthazart, J., and Van der Linden, A. (2009). 
Own-song recognition in the songbird auditory pathway: selectivity and laterali- 
sation. ;. Neurosci. 29,2252-2258. doi: 10.1523/JNEUROSC1.4650-08.2009 

Poole, R. J., and Hobert, O. (2006). Barly embryonic programming of neu- 
ronal left/right asymmetry in C. elegans. Curr. Biol. 16, 2279—2292. doi: 
10.1016/j.cub.2006.09.041 

Prior, H., Diekamp, B., Giintiirkun, O., and Manns, M. (2004a). Post-hatch activity- 
dependent modulation of visual asymmetry formation in pigeons. Neuroreport 
15, 1311-1314. doi: 10.1097/01.wnr.0000129575.43925.10 

Prior, H., Wiltschko, R., Stapput, K., Giintiirkun, O., and Wiltschko, W. (2004b). 
Visual lateralization and homing in pigeons. Behav. Brain Res. 154, 301-310. doi: 
10.1016/j.bbr.2004.02.018 

Prior, H., and Guntiirkun, O. (2001). Parallel working memory for spatial loca- 
tion and food-related object cues in foraging pigeons: binocular and lateralized 
monocular performance. Learn. Mem. 8, 44—51. doi: 10.1101/lm.36201 

Regolin, L., Garzotto, B., Rugani, R., Pagni, P., and Vallortigara, G. (2005). Work- 
ing memory in the chick: parallel and lateralized mechanisms for encoding 
of object- and position-specific information. Behav. Brain Res. 157, 1-9. doi: 
10.1016/j.bbr.2004.06.012 

Reiner, A., and Karten, H. J. (1983). The laminar source of efferent projeclions from 
the avian Wulst. Brain Res. 275, 349-354. doi: 10.1016/0006-8993(83)90996-4 

Rogers, L. J. (1997). Early experiential effects on laterality: research on chicks has 
relevance to other species. Laterality 2, 199-219. doi: 10.1080/713754277 



Rogers, L. J., Andrew, R. J., and Johnston, A. N. (2007). Light experience and the 
development of behavioural lateralization in chicks III. Learning to distinguish 
pebbles from grains. Behav Brain Res. 177, 61-69. doi: 10.1016/j.bbr2006.1 1.002 

Rogers, L. J., and Anson, J. M. (1979). Lateralisation of function in the chicken 
fore-brain. Pharmacol. Biochem. Behav 10, 679-686. doi: 10.1016/0091- 
3057(79)90320-4 

Rogers, L. J., and Bolden, S. W. (1991). Light-dependent development and 
asymmetry of visual projections. Neurosci. Lett. 121, 63-67. doi: 10.1016/0304- 
3940(91)90650-1 

Rogers, L. J., and Deng, C. (1999). Light experience and lateralization of the two 
visual pathways in the chick. Behav Brain Res. 98, 277-287. doi: 10.1016/S0166- 
4328(98)00094-1 

Rogers, L. J., and Krebs, G. A. (1996). Exposure to different wavelengths of light and 

the development of structural and functional asymmetries in the chicken. Behav. 

Brain Res. 80, 65-73. doi: 10.1016/0166-4328(96)00021-6 
Rogers, L. J., and Sink, H. S. (1988). Transient asymmetry in the projections of 

the rostral thalamus to the visual hyperstriatum of the chicken, and reversal of its 

direction by light exposure. Exp. BrainRes. 70,378-384. doi: 10.1007/BF00248362 
Rogers, L. J., and Workman, L. (1993). Footedness in birds. Anim. Behav. 45, 

409-^11. doi: 10.1006/anbe.l993.1049 
Rosa Salva, O., Mascalzoni, E., Regolin, L., and Vallortigara, G. (2012). Cerebral and 

behavioural asymmetries in animal social recognition. Comp. Cogn. Behav. Rev. 

7, 10. doi: 10.3819/ccbr.2012. 70006 
Sandi, C., Patterson, T. A., and Rose, S. P. (1993). Visual input and lateraliza- 
tion of brain function in learning in the chick. Neuroscience 52, 393—401. doi: 

10.1016/0306-4522(93)90166-0 
Schaafsma, S. M., Riedstra, B. J., Pfannkuche, K. A., Bouma, A., and Groothuis, T. 

G. (2009). Epigenesis of behavioural lateralization in humans and other animals. 

Philos. Trans. R Soc. Lond. B Biol. Sci. 364, 915-927. doi: 10.1098/rstb.2008.0244 
Serrien, D. J., and Sovijarvi-Spape, M. M. (2013). Cognitive control of response 

inhibition and switching: hemispheric lateralization and hand preference. Brain 

Cogn. 82,283-290. doi: 10.1016/j.bandc.2013.04.013 
Shimizu, T., Cox, K., and Karten, H. J. (1995). IntratelencephaUc projections of 

the visual Wulst in pigeons {Columba livia). J. Comp. Neurol. 359, 551-572. doi: 

10.1002/cne.903590404 
Shimizu, T., Patton, T. B., and Husband, S. A. (2010). Avian visual behavior and 

the organization of the telencephalon. Brain Behav. Evol. 75, 204-217. doi: 

10.1159/000314283 

Siniscalchi, M., Quaranta, A., and Rogers, L. J. (2008). Hemispheric specialisa- 
tion in dogs for processing different acoustic stimuli. PLoS ONE 3:e3349. doi: 
10. 1 37 l/journal.pone.0003349 

Skiba, M., Diekamp, B., and Giintiirkun, O. (2002). Embryonic light stimulation 
induces different asymmetries in visuoperceptual and visuomotor pathways of 
pigeons. Behav Brain Res. 134, 149-156. doi: 10.1016/50166-4328(01)00463-6 

Steinmetz, H., Herzog, A., Schlaug, G., Huang, Y., and Jancke, L. (1995). 
Brain (A) symmetry in monozygotic twins. Cereb. Cortex 5, 296-300. doi: 
10.1093/cercor/5.4.296 

Stephan, K. E., Eink, G. R., and Marshall, J. C. (2007). Mechanisms of hemispheric 
specialization: insights from analyses of connectivity. Neuropsychologia 45, 209- 
228. doi: 10.1016/j.neuropsychologia.2006.07.002 

Strockens, R, Giintiirkiin, O., and Ocklenburg, 5. (2013a). Limb preferences in non- 
human vertebrates. Laterality 18, 535-575. doi: 10.1080/1357650X.2012.723008 

Strockens, R, Freund, N., Manns, M., Ocklenburg, S., and Giintiirkiin, O. (2013b). 
Visual asymmetries and the ascending thalamofiigal pathway in pigeons. Brain 
Struct. Fund. 218, 1197-1209. doi: 10.1007/s00429-012-0454-x 

Taglialatela, J. R, Russell, J. L., Schaeffer, J. A., and Hopkins, W. D. (2008). Com- 
municative signaling activates "Broca's" homolog in chimpanzees. Curr. Biol. 18, 
343, 348. doi: 10.1016/j.cub.2008.01.049 

Tervaniemi, M., and Hugdahl, K. (2003). Lateralization of auditory-cortex 
functions. Brain Res. Rev. 243, 231-246. doi: 10.1016/j.brainresrev.2003. 
08.004 

Tommasi, L., Chiandetti, C, Pecchia, T, Sovrano, V. A., and Vallortigara, G. (2012). 

Erom natural geometry to spatial cognition. Neurosci. Biobehav. Rev. 36, 799—824. 

doi: 10.1016/j.neubiorev201 1.12.007 
Tommasi, L., Gagliardo, A., Andrew, R. J., and Vallortigara, G. (2003). Separate 

processing mechanisms for encoding of geometric and landmark information 

in the avian hippocampus. Eur. J. Neurosci. 17, 1695-1702. doi: 10.1046/j.l460- 

9568.2003.02593.x 



www.frontiersin.org 



March 2014 | Volume 5 | Article 206 | 9 



Manns and Strockens 



Comparison of visual lateralization in birds 



Tommasi, L., and Vallortigara, G. (2001). Encoding of geometric and landmark 

information in the left and right hemispheres of the Avian Brain. Behav. Neurosci. 

115, 602-613. doi: 10.1037/0735-7044.115.3.602 
Ulrich, C, Prior, H., Duka, T., Leshchins'ka, I., Valenti, P., GUnturkOn, O., 

et al. (1999). Left-hemispheric superiority for visuospatial orientation in homing 

pigeons. Behav. Brain Res. 104, 169-178. doi: 10.1016/80166-4328(99)00062-5 
Valencia-Alfonso, C. E., Verhaal, J., and Giinturkiin, O. (2009). Ascending and 

descending mechanisms of visual laterahzation in pigeons. Philos. Trans. R. Soc. 

Land. B Biol Sci. 364, 955-963. doi: 10.1098/rstb.2008.0240 
Vallortigara, G., RegoUn, L., Bortolomiol, G., and Tommasi, L. (1996). Lateral 

asymmetries due to preferences in eye use during visual discrimination learning 

in chicks. Behav. Brain Res. 74, 135-143. doi: 10.1016/0166-4328(95)00037-2 
Vallortigara, G., and Rogers, L. J. (2005). Survival with an asymmetrical brain: 

advantages and disadvantages of cerebral lateralization. Behav. Brain Sci. 28, 

575-589. doi: 10.1017/S0140525X05000105 
Vallortigara, G., Rogers, L. J., and Bisazza, A. (1999). Possible evolutionary origins 

of cognitive brain lateralization. Brain Res. Rev. 30, 164-175. doi: 10.1016/S0165- 

0173(99)00012-0 

Verhaal, J., Kirsch, J. A., Vlachos, L, Manns, M., and Guntiirkiin, O. (2012). Lat- 

eralized reward-related visual discrimination in the avian entopallium. Eur, J. 

Neurosci. 35, 1337-1343. doi: 10.1111/j.l460-9568.2012.08049.x 
Vogel, 1. J., Bowers, C. A., and Vogel, D. S. (2003). Cerebral lateralization of 

spatial abilities: a meta-analysis. Brain Cogn. 52, 197-204. doi: 10.1016/S0278- 

2626(03)00056-3 

von Eersen, L., and Guntiirkun, O. (1990). Visual memory laterahzation in pigeons. 
NeuropsychologialS, 1-7. doi: 10.1016/0028-3932(90)90081-X 

Warren, S. L., Crocker, L. D., Spielberg, ). M., Engels, A. S., Banich, M. T., 
Sutton, B. P., etal. (2013). Cortical organization of inhibition-related func- 
tions and modulation by psychopathology. Front. Hum. Neurosci. 7:271. doi: 
10.3389/fnhum.2013.00271 

Weisbrod, M., Kiefer, M., Marzinzik, E, and Spitzer, M. (2000). Executive control is 
disturbed in schizophrenia: evidence from event-related potentials in a Go/NoGo 
task. Biol. Psychiatry 47, 51-60. doi: 10.1016/80006-3223(99)00218-8 



West, A. E., and Greenberg, M. E. (20 11). Neuronal activity- regulated gene transcrip- 
tion in synapse development and cognitive function. Cold Spring Harb. Perspect. 
Biol. 3, 1031-1033. doi: 10.1101/cshperspect.a005744 

Wilzeck, C, Prior, H., and Kelly, D. M. (2009). Geometry and landmark rep- 
resentation by pigeons: evidence for species-differences in the hemispheric 
organization of spatial information processing? Eur. J. Neurosci. 29, 813—822. 
doi: 10. 1 1 1 1/j. 1460-9568.2009.06626.X 

Yamazaki, Y., Aust, U., Huber, L., Hausmann, M., and Guntiirkun, O. (2007). 
Lateralized cognition: asymmetrical and complementary strategies of pigeons 
during discrimination of the "human concept". Cognition 104, 315-344. doi: 
10.1016/j.cognition.2006.07.004 

Wong, R. O., and Ghosh, A. (2002). Activity-dependent regulation of dendritic 
growth and patterning. Nat Rev. Neurosci. 3, 803-812. doi: 10.1038/nrn941 

Zucca, P., Palladini, A., Baciadonna, L., and Scaravelli, D. (2010). Handedness in 
the echolocating Schreiber's long-fingered bat (Miniopterus schreibersii). Behav. 
Process. 84, 693-695. doi: 10.1016/j.beproc.2010.04.006 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 29 December 2013; accepted: 24 February 201 4; published online: 25 March 
2014. 

Citation: Manns M and Strockens F (2014) Functional and structural comparison of 
visual lateralization in birds - similar but still different. Front. Psychol. 5:206. doi: 

1 0.3389/fpsyg.201 4.00206 

This article was submitted to Cognition, a section of the journal Frontiers in Psychology. 
Copyright © 2014 Manns and Strockens. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s ) or licensor 
are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Psychology | Cognition 



March 2014 | Volume 5 | Article 206 1 10 



